Modern tramway is widely used in metropolises all over the world for the economic and environmental advantages in recent years. The tram vehicles with onboard energy storage system is one of the most popular tramway mode, due to running without the catenary and safety. However, the charging power and distribution capacity demand have been a great challenge to the distribution network, especially in the heavy load area. This paper focused on the tram line with on-board surpercapacitors vehicles, presented an optimal charging strategy based on the characteristic analysis of the charging load and vehicles of a realistic tram line. And then, a model of stationary energy storage system was proposed to decrease the demand of distribution capacity further. A case study of an operated line was carried out, and the results show that the distribution capacity demand was decreased by 90.26% than former. The cost of basic electricity was substantially reduced at the same time. 
Nomenclature

Abbreviation
ESS
Energy storage system SC Supercapacitor BESS Battery energy storage system CRRC China railway rolling stock corporation 
Introduction
Modern trams have become more and more popular in urban rail transit system in recent years, due to the application of new technologies thus the economic and environmental advantages [1] . Among the public transport systems of the city, the tramway has lower construction investment than subway and lager transport capacity than bus. Besides that, different to the conventional trams which depend on the catenary or power rail to supply power, the modern tram with onboard energy storage systems (ESSs) can drive autonomy between two stations [2] . The safety and reliability of power supply are substantially improved. The vision view influences of the catenary in business centers or the tourist attractions are also eliminated.
However, the tram vehicle with on-board ESS needs to be charged at the stations, due to that the on-board ESS is usually not large enough to support one trip operation of the originating and destination stations, due to the ESS cost and economic operation requirement of the vehicle. The tram charging power demand is determined by the energy consumption, which is related to the vehicle total mass, wind velocity, track design (slopes), clearance requirements, vehicle power, on-board ESS scale, the stop duration, and so on [3, 4] . The stop duration of vehicles at the station is very short, usually one or two minutes, and the charging time will be shorter. Which leads to high charging power and great distribution power demand. Furthermore, the investment of equipment and the cost of basic capacity may be huge, it is also a great challenge for the distribution networks in big cities [5] .
The vehicle energy consumption and charging management are the two main aspects to solve this issue. The authors of [6] focused on the metro-trains equipped with on-board supercapacitors (SCs), and proposed a control strategy for the SCs and motor drive control to accomplish energy saving and peak power demand reducing. An energy saving control of tram motors was proposed in [7] , which considered the light signaling, different speed limitations, stays, changes of size of the electrical energy recuperation and the traction network voltage. Reference [8] researched the effects and cost of stationary and on-board ESSs of tramway, high-power lithium batteries and SCs, based on the real-life traffic conditions. Which presented the difference of braking energy saving methods in simulation and comparison. The existing research literatures have focused on the energy consumption aspect, using control strategies or equipment to minimum the consumption of energy or maximum the energy recuperation.
On the aspect of charging management, some studies about the suppression of charging power demand of electrical vehicles have been developed. An optimal charging strategy to minimize the demand of charges was presented based on the simulation of charging and running an electric bus fleet [9] . The authors in [10] applied electrical storage systems (BESS) as a way to reduce the operational costs of the station and to alleviate the negative impacts of the station operation on the power grid in the fast-charging stations of the PHEVs. The battery energy storage system was used as a buffer to reduce the charging load fluctuation and to shave peak power [11] . However, there have been few studies on the aspect that using charging optimization methods decrease the distribution capacity demand and basic electricity cost for the tram line.
This paper focused on the intermittent charging system of tramway, and presented a charging strategy to reduce the quantity of charging system and decrease the demand of distribution capacity indirectly. Besides that, a stationary ESS configuration model was established to further decline the distribution capacity of stations. A case study was proposed to illustrate the feasibility.
Tramway line
Operation rules
The Guangzhou Haizhu tramway is one typical line using tram vehicles with on-board supercapacitor ESS, and has been operated nearly four years from 2014 in China. The length of the line is 7.7 km, and sets 11 stations. Each stations configured one DC charging system for the up-going and down-going vehicles. The fleet contains 8 vehicles, one spare vehicle and the others for running. The operation duration is from 7:00 am to 11:00 pm, which is divided to three periods, peak, flat and village time. The peak period lasts two hours and 6 vehicles put into running. The operational rule is that the vehicles stay 60 seconds at every station, and the vehicle will be charged at every station in 10 seconds to fill the SCs. The charging system and the capacity of the on-board supercapacitors were designed to satisfy the demand of charging and passenger transport. The profiles of the tram vehicle is shown in Table 1 . 
Stationary charging topology
In order to satisfy the charging demand, the stationary charging system was constructed in every station and configured an 800 kVA three-phase transformer (ZSC11-800/10/2*0.95), its no-load and load loss are separately 2 kW and 11 kW. As the charging topology is shown in Figure 1 , the charging system can charge the up-going and down-going vehicles through the switching control. When one switch is closed, the other must be open. The first arrived vehicle will be charged preferentially. Note that, the two vehicles cannot be charged synchronously.
The charging strategy is that the vehicle will be charged to full at every station, directly using the energy from the distribution network. According to the number of charging stations and the rated charging power, we take 0.7 as the simultaneous coefficient, the total distribution capacity demand is high up to 6.16 MW. Which may be a great demand for the area without sufficient distribution capacity or spending high price to expend the capacity of the distribution network. 
Load Characteristics
The charging system working duration is depended on the energy consumption of all the vehicles. Which is the key parameter to evaluate the efficiency and the economy of the investment of equipment and the cost of basic distribution capacity.
There are two launch schedule for the fleet, workdays and weekends. In the workdays, the number of departure trips is 164 and 178 trips in the weekends. According to the length of the line and the charging amount of electricity, the energy cost per km can be got by Equation (1) . Based on the two-year real operation data of the tram line, the average energy cost per km of the vehicle in different months is shown in Figure 2 , the energy cost per km in July is the highest in 2016. In 2017, the costs in August and September are higher than July, due to the line tests and the trips irregularly increase. We take the running cost of July as the typical parameter to analyze. The estimated energy cost of vehicle between two stations and the electricity amount for charging of each station are shown in Table 2 . Based on the distances of stations and energy consumption per km (3.742 kWh/km, July 2017), we get the data in Table 2 through the Equation (2-4) . The real average charging quantity in weekdays and weekend are separately 4202.44 kWh and 4787.63 kWh. In order to satisfy the operation E is the total energy cost of one day at station i .
The total charging quantity is no more than 5000 kWh, compared to the rated distribution capacity 6.16 MW, the utilization efficiency of the equipment is approximately only 5.07%. As a 32 CNY/kVA (4.8421 USD/kVA) per month basic electricity price is charged according to the capacity of the distribution transformer in China [12] , the basic capacity cost of the tram line is nearly 6,570.7 CNY/day. Besides that, the maximal electricity cost between two stations is 3.9104 kWh, while the on-board energy is 11.9 kWh, which means that the vehicle can run longer than the distance of two stations. If the quantity of charging system reduced, the distribution capacity demand will be declined.
Optimal strategies
The charging system of tram with on-board ESSs, supercapacitors or batteries, is one kind of intermittent charging system. The utilization efficiency of system is usually at a low level, due to the lack of design experience or the aim of ensuring the operation requirements. As the development of the ESS technologies and the price declining of ESSs in recent years, it is possible to mitigate the problem and reduce the investment and operation cost of the tram operator. This paper will focus on this issue, and attempts to solve it through the vehicles' charging strategies and configuring ESS in the stationary charging system.
Charging strategies
In order to reduce the number of stations and the distribution capacity demand, the on-board ESSs should be well used. According to specific tram line, the distances of stations and the on-board energy may be different. However, the on-board energy are usually configured large enough for running continuously in the longest distance-interval. For that, we can optimize the locations of the charging systems to reduce the investment and the distribution capacity demand.
The optimal strategy should take into account the estimated maximal running distance by the on-board ESSs and the limited charging time of the vehicle. The charging system locations should subject to the conditions as below.
(1) The station number of the tram line is N , and it does not contain the vehicle depot, the name of the stations are shown in Equation (5); , , ,..., N S S S S (5) (2) The bidirectional distance of two charging systems must be less than the estimated maximal running distance of the vehicle by the on-board ESSs, setting 30% as the battery safety threshold value; 
Configuration Model of stationary ESS
In order to further decrease the demand of distribution capacity, the configuration of stationary ESS is an alternative method. The object function of the model is as below.
Where, W baseic is the benefit per day by the decrease of the basic distribution capacity demand; The objective function subjects to the conditions as below.
Case study and analysis
This paper takes the Haizhu tram line as the research case. The estimated maximal running distance of the vehicle by the on-board supercapacitors is 2.226 km. The number of stations is 11, and the charging system locations were selected at S1, S3, S6, S9 and S11 in the sequence of the up-going direction by the proposed charging strategy. The quantity of charging systems is declined from 11 to 5.
The launch intervals in the peak, float and village periods are separately 8 minutes, 10 minutes and 12 minutes. The stop duration of trams is approximate one minute. We consider the worst condition, and take 8 minutes as the launch interval of this case.
According to the charging rate requirement and the installation space limitation, the lithium titanate battery has the excellent fast-charging and fast-discharging feature, which is suitable for the stationary ESS configuration. The detail parameters of this case are shown in Table 3 . In order to fit the integration of the stationary battery energy storage system (BESS), under the limitation of DC bus voltage, the charging topology should be modified partly. The new charging topology is shown in Figure 3 . The transformer and AC/DC rectifiers are both replaced by the suitable types. The charging power and vehicles are the same as before, then the DC/DC modules are retained. 10kV Based on the model proposed in Chapter 3.2, the solution of stationary ESS configuration shows that the larger scale of ESS configured, the greater benefits will be got. One assumption is that the energy converter losses of the ESS and equipment were neglected in the model. According to the charging power constraints and the transformer type, the results of the stationary BESS configuration were obtained and shown in Table 4 . With the stationary BESS, the vehicles' energy will be supplied by both the charging cycle and the BESS. And then, the BESS will be charged to full during the launch intervals. The total demand of distribution capacity of the line was decreased from 6,160 kW to 600 kW, 120 kW per charging system. The cost of basic distribution capacity and the investment of stationary BESS were converted to the cost in a single day. Each charging system can save CNY 174.4 per day.
Conclusions
This paper focused on the tram line with on-board supercapacitor vehicles, and analyzed the charging method and the characteristics of charging load. In order to decrease the demand of distribution capacity and the investment of the charging system, this paper presented an optimal charging strategy based on the maximum using of the on-board ESS. And then, the model of stationary ESS configuration was proposed to further reduce the distribution capacity demand. A case study was carried out based on the data of a real tram line. The results show that the optimal charging strategy combined with the stationary BESS can significantly decrease the distribution capacity demand and reduce the cost of the charging system. The research may be a reference for the tramway construction in some areas with extremely limited distribution sources.
